The experimental investigation of a broadband far-infrared meta-material absorber is described. The observed absorptance is > 0.95 from 1 − 20 THz (300 − 15 µm) over a temperature range spanning 5 − 300 K. The meta-material, realized from an array of tapers ≈ 100 µm in length, is largely insensitive to the detailed geometry of these elements and is cryogenically compatible with silicon-based micro-machined technologies. The electromagnetic response is in general agreement with a physically motivated transmission line model.
I. INTRODUCTION
In an ideal electromagnetic termination the incident radiation is absorbed over the desired waveband while transmission, reflection, and scattering into other propagation channels are disabled. Terminations broadly fall into two categories -resonant and non-resonant absorbers. Resonant absorbers can be planar, compact, and conformal. The achievable bandwidth is typically narrow, 1 however, an absorptance > 0.98 in over a 2:1 bandwidth has been demonstrated in a metamaterial structure.
2 Non-resonant calibration targets operating in the geometric optics limit have been realized by coating conical cavities with resistive thin-films 3 and loaded-dielectric layers 4 (absorptance > 0.99 from 10 5 − 100 µm). Similarly, arrays of geometric tapers and wedges have been employed to reduce the physical envelope required for calibration targets and loads. [5] [6] [7] Gold black, 8, 9 silicon black, 10 and carbon nanotubes [11] [12] [13] provide examples of low-dielectric-contrast media exhibiting high-absorptance bandwidths.
Inspired by these structures, this work explores a compact broadband absorber based on an array of micromachined lossy silicon tapers. The approach is conceptually motivated by moth-eye anti-reflection coatings [14] [15] [16] [17] and analogous microwave terminations. 18 Details of the meta-material's controlling parameters, fabrication, and characterization are provided in Sections II III, and IV respectively. See Figure 1 for a schematic drawing of the graded-index meta-material absorber unit cell geometry (left) and images of the absorber structure (right).
II. ADIABATIC ABSORBER THEORY
The Riccatii equation provides a convenient framework to evaluate the propagation properties of an adiabatic impedance taper. 21 In its linearized form the solution links the complex reflection amplitude, Γ ≪ 1, and the logarithmic derivative of the relative impedance, Z r , a) Electronic mail: edward.j.wollack@nasa.gov
FIG. 1.
Left: Absorber unit cell geometry and boundary conditions used in electromagnetic modeling. Here L is the taper length, p is the pitch of the square array lattice, and n is the normal to the taper surface. Perfect electric (E) and magnetic (H) boundaries are used to represent an infinite square tiling of tapers illuminated at normal incidence. The direction of propagation ζ, runs parallel to the taper length, and the polarization is indicated by an arrow near the tip of the taper. Upper right: A scanning electron microscope (SEM) image of the micro-machined absorber array comprised of ≈ 1 × 1 mm 2 tiles. The protective wall structures surrounding the tapers on each tile can be tailored (or omitted) to maximize the absorptance depending of the end application. The configuration depicted is compatible with the BUG (Backshort-Under-Grid) far-infrared detector architecture. 19, 20 Lower right: SEM with details of the micro-machined silicon tapers on a representative absorber tile.
along the axis of propagation, ζ,
through a Fourier transform. At a fundamental level the achievable reflectance, bandwidth, and thickness are linked through a Kramers-Kronig relationship. 22 More generally, the phase constant, β, is a function of position. To the extent the fractional change in the taper's parameters is small and the conversion to other accessible modes is reversible along the structure -the media is adiabatic. In practice, absorbing structures can be analyzed by relaxing the latter constraint. [23] [24] [25] Considering the contribution from each incremental section of the taper and treating the attenuation constant, α, as a perturbation enables a suitable generalization of Equation 1 for the evaluation of the response in the presence of finite losses,
where γ = α − iβ = 2πi μ r ·ǫ r (ζ)/λ is the propagation constant, Z r (ζ) = μ r /ǫ r (ζ) is the relative wave impedance as a function of position presented by the unit cell,μ r = 1 is the relative magnetic permeability, and λ is the freespace radiation wavelength. For λ ≫ p the effective relative dielectric function,ǫ r (ζ), is quasi-static and computed from the silicon volume filling fraction for the unit cell in the mean field approximation. 17 The dielectric losses arising from the silicon taper volume are readily treated within this framework.
The structure's attenuation is augmented through the use of a conformal thin-film disordered-alloy coating on the micro-machined silicon surface. This allows greater control and flexibility in extinguishing incident fields. The logarithmic derivative of the impedance with respect to the normal at the taper's surface, 26, 27 
enables evaluation of the ohmic loss per unit length in the presence of a resistive film. The impedance of free space is η o ≃ 377 Ω/ and provided the metallization layer thickness is small compared to the electrical penetration depth, δ, the surface impedance, R sq ≃ ρ/t, approximates a thin-film resistor. 28 The boundary conditions of the perturbed system are equivalent to an infinite array of lines centered in a parallel plate guide. 29 This allows the ohmic loss arising from taper surface metallization in Equation 3 to be evaluated via,
where p is the lattice periodicity, d(ζ) is the taper diameter as a function of the length, and s = 4/π is the inner-taper shielding factor. With the tapered meta-material response specified, the optical properties of the structure are summarized. Incident radiation can be absorbed, specularly reflected, transmitted, or scattered to large angles. For high absorptance the taper length must be sufficient to suitably extinguish the signal traversing the structure. With increasing wavelength the meta-material surface appears smooth with respect to λ, the wave evanescently propagates into the structure and is specularly reflected before absorption. As a result, the low-frequency absorption response is limited by the total taper length (λ max < 2L) for attenuation profiles consistent with the derivation of Equation 2.
Limitations to the high-frequency response arise from the array tiling pitch and minimum tip diameter leading to diffusive scattering into a spectrum of higher order modes (d tip ≪ λ min < 2p). 30 Similarly, the energy coupled to the taper is bound to the silicon volume and surface with increasing losses to radiation and internal modes as d/λ and dielectric contrast decreases. These propagation mechanisms potentially distract from the ideal and can be mitigated through the choice of R sq . Within the bulk silicon substrate (ǫ Si r = 11.7), R sq = η o /( ǫ Si r − 1) ≈ 157 Ω/ , leads to frequency independent absorptance (A = 0.5), reflectance (R = 0.3), and transmittance (T = 0.2) at normal incidence. 31 This value is adopted to specify loss in the single-mode limit and provide a graceful mechanism to extend the structure's absorption into the geometric optics regime. In the limit, λ ≪ 2p, ray tracing can be used to estimate the loss at each interaction with the taper's surface. 32 These behaviors suggest that a strategy to maximize the absorption bandwidth is to minimize the dielectric contrast, maximize the ratio of L/p, while retaining structural integrity. Within our fabrication processes, these considerations broadly lead to a lattice of tapers with suitably sharpened tip geometry for silicon's index, 16 ,33 a pitch p = 20 µm, and a length L = 100 µm set by the lowest wavelength of interest.
To evaluate the theoretical response of the fabricated structures we adopt a variation on the synthesis theme outlined for analysis. Scanning electron micrograph (SEM) images were digitized and the resulting profiles used to defined the transfer matrix 34 for the taper's unit cell. In evaluating |Γ| 2 a fractional change < 0.1 was observed in increasing the number of sub-wavelength transmission line sections from 36 to 72. The complex refractive index was estimated from the unit cell's volume filling fraction 17 and a Drude dielectric function for the bulk silicon. 35 The surface contribution to the attenuation arising from the thin-film coating resistance dominates cold and at room temperature away from the lower band edge for the ρ ≈ 20 Ω − cm silicon employed. High resistivity material (ρ > 1 kΩ − cm) can be used to remove the latter dispersive effect. Within and between samples, the observed absorber performance is quite repeatable; however, comparison of the modeled and observed absorber response suggest limitations in knowledge of the derived taper geometry dominate the systematic errors in the derived transmission line parameters. See Figure 2 for the modeled transmission line model response.
In the single mode limit the presence of random defects in the array induce a perturbation in the uniformity of the meta-material's surface impedance and will lead to , and transmittance (green-solid line) are computed at normal incidence. The modeled reflectance for three unit cell geometries is presented: (a) a profile incorporating the azimuthal slot details along absorber length derived from a digitized SEM image, (b) an estimated 3D profile incorporating the dominate features of the structure's observed slot and ridge geometry and (c) a profile defined by the minimal taper crossection along the length. Cases "a" and "c" are taken as rotationally symmetric and are representative of upper-and lower-bounds for the volume filling fraction profile. The modeled uncertainty is schematically indicated by the gray-shaded region. The measured specular reflectance is indicated by a black-dashed line, insensitive to temperature, and diffuse scattering is subdominant. a localized increase in observed specular reflectance. In the multi-mode limit, if defective pillars are present, the absorptance and diffuse scattering will be degraded due to a reduction in the number of bounces. From this perspective, it is desirable to achieve an areal defect fraction in the meta-material small compared to the design reflectance.
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Strictly speaking the meta-material structure described is a uniaxial dielectric media with propagation along the optical axis. Thus attenuance and reflectance will gracefully degrade from the perturbative treatment presented here as the polarization difference between the modeled and actual Fresnel coefficients grow with increasing angle. For incident angles < π/12 (i.e., termination of optical beams with focal ratio, f / > 2, at normal incidence) the influence of this effect on the attenuance 11,34 is found to be subdominant to the model uncertainty imposed by the detailed knowledge of the taper geometry.
III. SAMPLE PREPARATION
The 16 × 20 array of square absorber tiles, 1055 µm on a side, was realized via micro-machining. See Figure 1 (right) for SEM images of the final absorber array structure. First, double-side-polished silicon wafers (250 µm thick) were bonded to a carrier with clear wax for physical robustness during processing. Next the back side of the silicon wafer was processed to define the array's absorber tile and interconnecting structural beam geometry. These features were defined by etching silicon to a depth of ≈ 120 µm utilizing a standard Bosch deep reactive-ion etch (DRIE) process. To maintain etch uniformity and limit plasma loading, the textured surface on the mask is limited to 32% of the (100 mm diameter) silicon wafer area. The device was then released from the carrier wafer, cleaned, and wax bonded face-up to a Pyrex carrier in preparation for subsequent patterning of the meta-material structure. The use of a transparent carrier wafer and clear wax facilitates front to backside alignment.
The square lattice of tapered pillars was realized by employing a modified Bosch DRIE process described by Roxhed et al. 36 This process creates tapered structures in an open field by alternating cycles of anisotropic (nearly vertical) Bosch etching with intervals of isotropic dry etching of silicon. The narrow spacing between pillars introduces complications that do not arise when etching a tapered structure surrounded by a wide-open area. For the tightly packed square patterns employed, etching following the Roxhed prescription creates a tall pillar with a ≈ 2 − 3
• taper and a re-entrant profile at the top. The lithographic mask consists of 15 µm wide squares on a p = 20 µm spacing. Although the nearly 100 : 1 photoresist selectivity is sufficient, a relatively thick 6 µm layer was chosen to provided latitude in processing. The arrays of 100 µm tall pillars, each tapering to a sharp point were then realized on each tile.
The pillar points were defined by isotropically shrinking the thick photoresist layer using an in-situ oxygen plasma etch. The photoresist mask on a single pillar may reliably be shrunk from a square 15 µm to d tip ≈ 2 µm on a side while maintaining sufficient thickness to serve as a masking layer. Subsequent DRIE of silicon under the reduced mask removes the re-entrant portion of the pillars, creating a structure with a pointed end. The alleys between wafers etch to a depth of ≈ 130 µm and are fully released via DRIE in the time required for the pillars to reach their final depth, L = 100 µm. The absorber arrays were released from the temporary carrier wafer with an acetone soak, cleaned in solvents, and dried. The micromachined arrays and an optically polished silicon witness wafer were conformally coated with ≈ 10 nm titanium nitride (TiN) via atomic layer deposition (ALD).
IV. OPTICAL CHARACTERIZATION
The absorber's reflectance and transmittance were characterized with a Bruker IFS 125HR Fourier Transform Spectrometer (FTS) in conjunction with a liquid helium cooled bolometric detector over the spectral range of 400 − 15 µm (0.75 − 20 THz). The accessory used to measure the specular reflectance at 300 K employed a collimated beam ≈ 8 mm in diameter with a 10
• angle of incidence (AOI). Masks for the sample and reference were fabricated from 60 grit sandpaper to limit the aperture in relation to the effective area of the test structure in a collimated beam. The specular reflectance at 300, 81, and 4.9 K was also measured in a focused beam (7
• AOI) with the masked sample mounted in an Oxford cryostat and cooled via helium exchange gas. Upon comparing the specular reflectance spectra taken in collimated-and focused-beam configurations with the sample mounted in cryostat the difference was observed to be < 0.003.
In order to investigate the diffuse scattering component from the meta-material structure, the total hemispherical reflectance (THR) was characterized over the wavelength range 20 − 2 µm at 300 K. The diffuse reflectance signature was subdominant to the specular component over the spectral range accessible. The sample's transmittance measured at 300 K was < 2 × 10 −3 at wavelengths shortward of 300 µm and is anticipated to increase modestly upon cooling < 30 K as free carries in the bulk silicon freeze out. An optically thick metal coating on the back-side of the absorber would effectively eliminate this perturbation on the response. For a comparison of the measured and modeled response see Figure 2 . For visual clarity only the dominant measured component, the spectral reflectance, is presented.
A 400 − 15 µm transmission spectrum of the TiN optical witness sample at 300 K was obtained with the FTS. The surface impedance over this range was resistive with R sq = 160 ± 4 Ω/ . The residual resistance ratio of the sample on cooling from 300 to 5 K was RRR = 1.05. TiN is a disordered metal-dielectric alloy (or cermet) which superconducts upon cooling below its measured transition temperature (3.5 K); however, the illuminating photons (> 0.3 THz) have sufficient energy to break Cooper pairs and the material effectively serves as a thin-film resistor with a surface impedance approximately equal to that of the normal state. 37 Thermally activated freecarriers in the bulk silicon can be rendered a subdominant absorption mechanism over the temperature and spectral ranges of interest through material selection.
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Under intense optical illumination, the photo-induced Drude conduction in the silicon 38 can potentially influence the meta-material's long wavelength response.
V. DISCUSSION AND CONCLUSION
A broadband high-absorptance meta-material structure has been realized through standard Micro-Electro Mechanical (MEMS) processes and subsequently conformally coated with a disordered thin-film TiN resistor via ALD. The absorber theory presented, based on the perturbation of boundary method, allows physical insight into parameters limiting meta-materials structure's attenuance in the single-mode limit and if desired can be used to suitably modify the response for use in other wavebands. The lower band edge of the absorption response is defined by the taper impedance and loss profiles and the reflectance is limited by the minimum taper feature size. The structure's response has been experimentally investigated and found to have > 0.95 absorption from 300 − 15 µm in general agreement with an adiabatic transmission line model.
In particular, the meta-material approach explored in this work introduces loading along the tapers exterior surface. This conformal surface resistance layer introduces a controlled loss to the complex propagation constant and avoids limitations to the bandwidth which can arise in discretely loaded meta-material structures.
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Without this resistive layer these structures are is equivalent to a graded index anti-reflection or "moth-eye" coatings. The meta-material's electromagnetic topology and use of adiabatic elements is ultimately responsible for the improved absorption bandwidth observed here.
In comparing this approach in detail to the palette of absorptive coating options for the far-infrared 39 -namely black paints, loaded epoxy mixtures, and low-contrast lossy media -this low-profile structure has high thickness uniformity and achieves low reflectance (λ < 2L) through the use of a graded index. Relative to amorphous carbon and glass bead epoxy loaded coatings 40 this meta-material absorber structure has a lower mechanical profile, stress, and optical reflectance. Similar to black coatings produced by vapor and electrolytic deposition 41 the structure is consistent with the lowoutgassing the demands of vacuum, cryogenic, and spaceflight applications. [42] [43] [44] The observed broadband absorptance can be essentially rendered independent of temperature through material selection and the structure is fully cryogenically compatible with silicon-based micromachined structures.
These general properties enable the use of the meta-material structure as a broadband planar backtermination for bolometric sensor arrays 31 or as an optical glint reduction media in the 1 − 20 THz spectral band. A realization of this back-termination absorber structure has been successfully implemented in the HAWC+ (Highresolution Airborne Wideband Camera) polarimeter on SOFIA (Stratospheric Observatory for Infrared Astronomy).
45,46

ACKNOWLEDGEMENTS
A second generation SOFIA (Stratospheric Observatory for Infrared Astronomy) instrumentation award provided by the National Aeronautics and Space Adminis-tration under NNH08ZDA009O-SOFIA2G is gratefully acknowledged by the authors.
